Abstract We analyze intervals between eruptions (IBEs) data acquired between 2001 and 2011 at Daisy and Old Faithful geysers in Yellowstone National Park. We focus our statistical analysis on the response of these geysers to stress perturbations from within the solid earth (earthquakes and earth tides) and from weather (air pressure and temperature, precipitation, and wind). We conclude that (1) the IBEs of these geysers are insensitive to periodic stresses induced by solid earth tides and barometric pressure variations; (2) Daisy (pool geyser) IBEs lengthen by evaporation and heat loss in response to large wind storms and cold air; and (3) Old Faithful (cone geyser) IBEs are not modulated by air temperature and pressure variations, wind, and precipitation, suggesting that the subsurface water column is decoupled from the atmosphere. Dynamic stress changes of 0.1À0.2 MPa resulting from the 2002 M-7.9 Denali, Alaska, earthquake surface waves caused a statistically significant shortening of Daisy geyser's IBEs. Stresses induced by other large global earthquakes during the study period were at least an order of magnitude smaller. In contrast, dynamic stresses of >0.5 MPa from three large regional earthquakes in 1959, 1975, and 1983 caused lengthening of Old Faithful's IBEs. We infer that most subannual geyser IBE variability is dominated by internal processes and interaction with other geysers. The results of this study provide quantitative bounds on the sensitivity of hydrothermal systems to external stress perturbations and have implications for studying the triggering and modulation of volcanic eruptions by external forces.
Introduction
Geysers are rare, with less than 1000 worldwide, of which nearly half occur in the geyser basins of Yellowstone National Park [Rinehart, 1980; Bryan, 1995] . Their rarity results from the delicate balance between water and heat supply required to generate episodic boiling events and the unique geometry of fractures and porous rocks required to focus liquid and steam into an eruptive fountain [e.g., White, 1967; Fournier, 1969; Kieffer, 1989; Rojstaczer, 1993, 1996; Kedar et al., 1998; Kiryukhin et al., 2012; Belousov et al., 2013; Vandemeulebrouck et al., 2013; Karlstrom et al., 2013; Shteinberg et al., 2013] . Because of the uncommon balance between these controlling parameters, only a few geysers display relatively constant intervals between eruptions, hereafter IBEs. These geysers are of special interest because they provide an opportunity to examine the responses to transient (e.g., earthquakes and storms) and periodic (e.g., earth tides and barometric pressure) stresses.
Geysers also provide a unique natural laboratory to test hypotheses related to the triggering of volcanic activity because they have many similarities to volcanoes, especially with regard to heat/mass flux, eruption dynamics, and seismicity [Kieffer, 1984] . Many studies have proposed a correlation between volcanic eruptions and environmental factors, such as solid earth tides [e.g., Johnston and Mauk, 1972; Mauk and Johnston, 1973; Hamilton, 1973; Golombek and Carr, 1978; Dzurisin, 1980; Martin and Rose, 1981; Sparks, 1981; Patanè et al., 1994] , earthquakes [e.g., Linde and Sacks, 1998; Alam and Kimura, 2004; Selva et al., 2004; Manga and Brodsky, 2006; Walter, 2007; Walter and Amelung, 2007; Eggert and Walter, 2009; Chesley et al., 2012] , and precipitation [Mastin, 1994; Matthews et al., 2002] , but these analyses are often based on small data sets and/ or limited statistical analysis [Emter, 1997; Neuberg, 2000; Mason et al., 2004] . Geysers have the potential to improve understanding of the processes involved because their eruptions are typically much more frequent than volcanic eruptions, which allows for more robust statistical analyses if the eruption times are carefully documented over long periods of time.
The Geyser Observation Society of America monitored eruption times at the Daisy and Old Faithful geysers in Yellowstone's Upper Geyser Basin (Figure 1 ) between 2001 and 2011, providing a nearly continuous decadal record of IBEs for these two systems. Both of these geysers exhibit relatively uniform subannual eruption intervals, but they have different seasonal patterns [Hurwitz et al., 2008 [Hurwitz et al., , 2012a , and one (Old Faithful) is a cone geyser, whereas the other (Daisy) is a pool geyser. The decadal records contain~37,000 and~58,000 eruption times for the Daisy and Old Faithful geysers, respectively, which provide an excellent opportunity to conduct rigorous statistical analyses of the cause and effect relationships between eruption intervals and periodic and episodic stresses. The contrasting system types (cone versus pool geyser) allow us to interpret the correlations (or lack thereof) in the context of the fluid dynamic and thermodynamic characteristics of each geyser. Our results place quantitative bounds on the sensitivity of hydrothermal systems to extrinsic perturbations and have implications for the triggering and modulation of volcanic eruptions by environmental forcing.
Previous Studies
Eruption intervals have been sporadically recorded for the Old Faithful geyser since it was named by the Washburn expedition in 1870 based on the regularity of its eruptions, which occurred every~74 min at that time [Langford, 1905] . Since then, eruption intervals were mainly logged by park rangers during the daytime in the summer months [Rinehart, 1969; Stephens, 2002] . These data have shown Old Faithful's IBE distribution to be bimodal, with a small population of short intervals that systematically follow short eruptions [Kieffer, 1984 ; O'Hara and Esawi, 2013], which has been attributed to internal dynamics within the geyser reservoir [O' Hara and Esawi, 2013] . This relationship between eruption duration and IBE is presently used by Yellowstone Park rangers to predict eruption times, and the unique character of the IBE distribution has been modeled by statisticians [Azzalini and Bowman, 1990; Hyndman, 1996; Langrock, 2012; Kottas and Fellingham, 2012] and geoscientists proposing physical models of multiphase eruptions [Nicholl et al., 1994; O'Hara and Esawi, 2013] . There are no equivalent long-term records for Daisy geyser.
Eruption intervals for Yellowstone's geysers are perturbed by both regional and teleseismic earthquakes [Marler, 1964; Rinehart and Murphy, 1969; Marler and White, 1975; Hutchinson, 1985] . This work shows that Old Faithful's IBEs increased significantly ( Figure 2 ) following large regional earthquakes in 1959 (M-7.3 Hebgen Lake [Doser, 1985] ), 1975 (M-6.1 Yellowstone National Park [Pitt et al., 1979] ), and 1983 (M 6.9 Borah Peak [Payne et al., 2004] ). By contrast, the eruption intervals of Daisy geyser decreased from an average of 128 min to 58 min following the 1959 Hebgen Lake earthquake [Marler, 1964] , which had a dramatic impact on the thermal features within the park. Regarding the response of Yellowstone's geysers to the Hebgen Lake earthquake, Marler and White [1975] wrote, "By the day after the earthquake, at least 289 springs in the geyser basins of the Firehole River had erupted as geysers; of these, 160 were springs with no previous record of eruptions". Dynamic stress perturbations generated by surface waves from distant, teleseismic earthquakes may also perturb IBEs for Yellowstone's geysers, as demonstrated by changes observed following the 2002 M 7.9 Denali earthquake, more than 3000 km from Yellowstone [Husen et al., 2004a] .
Geyser response to earth tides and weather is controversial and was first discussed by Allen and Day [1935] . Later studies [Rinehart, 1972a [Rinehart, , 1972b White and Marler, 1972; Rojstaczer et al., 2003] were limited by either short (weeks) or discontinuous (excluding nights and winters) data sets and have resulted in conflicting interpretations. Rinehart [1972a] concluded that "Both Old Faithful (Yellowstone) and Riverside geysers respond to barometric pressure, but the response is more erratic. At times there is a prominent 30-day phase lag, whereas at others it is impossible to establish any correlations that are convincing" and "Old Faithful (Yellowstone) also responds to tidal forces, similarly exhibiting a 2-to 3-day time delay and being perturbed by the buildup and release of tectonic stresses". These findings were disputed in a comment by White and Marler [1972] . Analysis of continuous eruption interval data for a period of 14 to 101 days from six Yellowstone geysers, including Old Faithful, did not identify earth tide influences in any of the studied 
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geysers, but the study found that long-period atmospheric-pressure variations greater than 5 mbars (0.5 kPa) may influence eruption intervals [Rojstaczer et al., 2003] . Systematic examination of Yellowstone geysers' response to wind storms has not been carried out, but anecdotal evidence suggests that "the intervals of Daisy were measurably lengthened whenever a stiff breeze blew across the Daisy and the large, shallow basin that is filled during the basin of overflow" [Marler, 1951] . Similar observations of Daisy's response to wind storms were also reported by Bower [1994] . A more quantitative correlation between wind strength and direction and geyser activity was demonstrated for geysers in Geyser Flat, Whakarewarewa, New Zealand [Weir et al., 1992] .
In summary, previous investigations of geyser response to earthquakes and environmental stresses have raised many interesting issues, but key questions remain unanswered. It is clear that geysers can respond to large regional earthquakes, but whether the IBE should increase or decrease and what are the thresholds for these perturbations have not been determined. Similarly, it appears as though some geysers can respond to dynamic stress perturbations from surface waves generated by distant, teleseismic earthquakes, but here, again, no criteria have been established to predict what stress type (dilation, shear, etc.) controls the process and how large these perturbations must be. Geyser response to environmental stresses remains controversial, primarily because essentially all of the results to date have been based on limited data with questionable statistical significance. Rigorous analyses based on statistically significant sample sizes are required to address all of these issues. (Figure 3 ). Instrumentation problems resulted in occasional data gaps throughout the~11 years of monitoring, which we define as intervals where the eruption interval for each geyser is greater than twice the average value. There were 315 data gaps in the Daisy records and 21 data Table S1 ). The shaded red rectangle in Figure 3a marks the period when Daisy's eruption intervals had a bimodal distribution and the grey rectangle in Figure 3b represents mode II IBEs that are shorter than 75 min. The blue curve in Figure 3a represents the monthly average discharge of the Madison River measured at U.S. Geological Survey gauge near West Yellowstone, MT (station ID 06037500). River discharge mimics snow melt and water recharge into the subsurface. Figure S1 ). Between mid-2005 and mid-2007, Daisy geyser's IBE also had a bimodal distribution (Figure 3a ). This bimodal distribution was superimposed on large seasonal variations, and it occurred in both the summer and winter and during periods of snowmelt and high water recharge and during periods with little precipitation.
Data Sets and Methods
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Weather data (air temperature, barometric pressure, wind speed, and precipitation) for the 2001-2011 period were obtained from the National Climatic Center station at Yellowstone Lake, located at an elevation of 2400 m, 35 km from the Upper Geyser Basin (Figure 1) . Although there is a weather station near Old Faithful, it does not collect barometric pressure and temperature data and thus is not suitable for our analyses. We compared the climate center data from Yellowstone Lake to noncontinuous barometric pressure data collected at the West Yellowstone, Montana airport (Figure 1) , and found that barometric pressure fluctuations are in-phase across this broad region, which justifies the use of the climate data from Yellowstone Lake for our study. Theoretical phase and amplitude of earth tides were calculated using the SPOTL software package [Agnew, 2012] .
We use cross-spectral methods to assess correlation between eruption intervals and periodic processes (e.g, earth tides, barometric pressure, and air temperature). For the spectral analysis, we selected the time window from 1 April 2005 to 31 July 2011 (6.3 years of data), which excludes all of the major data gaps for both geysers. Linear interpolation was used to fill in gaps shorter than three average eruption intervals. Overall, the 6.3 year Old Faithful geyser data set contains 36,260 eruptions, and the 6.3 year Daisy geyser data set contains 20,577 eruptions. We estimate spectra for the point-process eruption interval data using the method of Brillinger [1975] , wherein we generate 15 min bins for our time series and assign values of 1 to those bins containing eruptions and values of 0 to the others. Smaller bin sizes yielded similar results, but with more background noise. Spectral estimates were obtained using the multitaper method [Thomson, 1982] with adaptive weighting [Percival and Walden, 1993] . Multitaper estimation reduces the bias resulting from spectral leakage while minimizing the information loss inherent in the use of conventional tapers and avoiding the need for prewhitening. Adaptive weighting minimizes the mean square error of the spectral estimates by determining the weights for each taper by an iterative procedure that accounts for the (nonwhite) spectral content of the data. Cross-spectral estimates for the geyser eruption interval data with respect to the environmental parameters (earth tides, barometric pressure, and air temperature) were made in the same fashion (multitaper with adaptive weighting) after interpolating the environmental time series data onto the same 15-min grid as the eruption catalogs.
To provide a quantitative test for the observations suggesting that large wind storms are followed by lengthening of Daisy geyser's IBEs [Marler, 1951; Bower, 1994] , we define a wind storm as an event with at least 3-hourly wind speed measurements of ≥ 7 m s À1 within a 12 h period. We define a significant Daisy geyser response to a wind storm when at least one of the IBEs during the storm is more than one standard deviation from the average IBE of the month preceding the storm. We define a significant response of Daisy geyser to precipitation if any of the IBEs in the 3 h following a recording of ≥ 7 mm h À1 is more than one standard deviation from the average IBE of the month preceding the precipitation recording. These wind and precipitation criteria are representative of typical storms observed in the data, and our conclusions are robust to the exact choice of wind speed and precipitation rate thresholds.
To investigate the effect of dynamic stresses from distant earthquakes on geyser eruptions, we first identified a subset of earthquakes that were expected to produce the largest strains in the Yellowstone area based on their estimated seismic energy density, ε (J m À3 ), a parameter that is approximately proportional to the square of the peak ground velocity, which in turn is proportional to the dynamic strain. An empirical relation between ε, earthquake magnitude M, and the distance r (km) from the source is given by [Wang and Chia, 2008] :
We also use data from borehole strainmeter B944 located at Grant Village ( Figure 1 ) that has been operating continuously since 2009 and records the 2-D horizontal strain tensor during that time [Luttrell et al., 2013] . The
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strainmeter is maintained by (UNAVCO) (www.unavco.org/), and data are archived by Incorporated Research Institutions for Seismology (IRIS) (www.iris.edu/). By comparing the observed teleseismic strain to the predicted ε from an earthquake, we determine that the criteria of ε > 10 À4.5 J m À3 and M > 6.8 applied to the full U.S. Geological Survey National Earthquake Information Center (NEIC) catalog best predict which earthquakes produce high dynamic strain in Yellowstone. The resulting catalog (Table S1 ) includes 21 earthquakes during the period of IBE record. While the above criteria were used to identify the subset of earthquakes most likely to induce high dynamic stress in Upper Geyser Basin, subsequent analysis used observations of peak dynamic stress [Hill et al., 1993] to compare teleseismic events.
We hypothesize that teleseismic stresses could affect geyser IBE via two processes. The first is by altering the permeability structure of the geyser's conduit or reservoir, which could result in either an increase or a decrease of IBE and could be either irreversible (e.g., a new IBE state is attained) or reversible, where after some period with anomalous IBE, the intervals will return to the pre-earthquake values. These scenarios are common hydrologic responses to earthquakes [Manga and Wang, 2007; Manga et al., 2012] . We define a geyser response of this sort as one in which the range of IBEs after an earthquake is nonoverlapping with the range of IBEs before the earthquake. To avoid bias by small numbers of outlier eruptions, we define the range as the time between the 0.05 and 0.95 quantiles of the respective populations. We tested the catalog of earthquakes most likely to produce high dynamic stress (supporting information Table S1 ) for populations of 10, 20, 50, and 100 IBEs after an earthquake (~1, 2, 5, and 10 days of eruptions), comparing them with the population of 360 IBEs before an earthquake (~1 month) of eruptions (supporting information Figure S2 ).
We also consider a second process where bubble nucleation from steam-saturated water can decrease the period required to attain conditions for an eruption [Steinberg et al., 1982] . This process is expected to occur only when the water in the geyser reservoir is at, or near, boiling conditions and when seismic waves are reverberating locally. Such a response should be manifested by one or two short eruption intervals immediately following the earthquake. We expect that if the short IBEs are a response to an earthquake, the relation between eruption duration and the following IBEs [Kieffer, 1984] will not be maintained. We obtained partial information on eruption duration from the Old Faithful visitor center notebook logs that were transcribed by the Geyser Observation Society of America (http://www.geyserstudy.org/ofvclogs.aspx). 4. Results
Geyser Response to Periodic Processes
We examined the spectral characteristics of the geyser eruption catalogs and the periodic environmental processes (earth tides, barometric pressure, and air temperature) from 1 April 2005 to 31 July 2011 (6.3 years) ( Figure 4 ). Power spectra for the environmental parameters peak at orbital periods, with the strongest peaks in the diurnal and semidiurnal frequency bands (Figure 4 ). The geysers have broad spectral peaks covering their respective eruption interval ranges, with Old Faithful exhibiting a narrower peak as a consequence of its smaller degree of deviation (see supporting information for annual eruption interval histograms and statistics). The power spectrum for the Daisy geyser eruption intervals contains a sharp spectral peak at 1 cycle per day, where there are also peaks in the environmental time series data. The Old Faithful eruption interval power spectrum does not have any peaks at the orbital frequencies.
Cross-spectral coherency between the environmental data and the geyser intervals are shown in Figure 5 . The Old Faithful eruption intervals are not coherent with the environmental data at any frequency, indicating that they are not influenced by earth tides, barometric pressure, or air temperature. The Daisy eruption intervals are not coherent with earth tide, but they are coherent with both barometric pressure and air temperature at the 1 cycle per day frequency, with the highest levels (> 0.8) for air temperature. These results indicate that Daisy's eruption intervals are not influenced by solid earth tides but that they do respond to atmospheric processes, with air temperature being slightly more strongly correlated than barometric pressure.
Geyser Response to Wind and Precipitation
There were 11 events with at least 3-hourly wind speed measurements of ≥ 7 m/s within a 12 h period between 2001 and 2011, although some storms might be missing due to data gaps. A maximum wind speed of 9.3 m/s was measured on 29 December 2008, and all large wind storms were associated with a barometric pressure decrease of 3-8 mbar ( Figure 6 ). In 8 of the 11 storms, at least one Daisy IBE during the storm was longer than the monthly average plus one standard deviation. During two of the storms, no anomalous IBE was recorded, and in one of them, there was a single IBE that was shorter than the monthly average minus one standard deviation. During one of the storms (15 December 2006), two of the IBEs were 11 h and 8 min and 15 h and 50 min; however, we suspect that these result from instrument malfunction, because these IBEs are much longer than other responses to wind storms and much longer than other IBEs during that period. None of the 11 wind storm events were associated with anomalous IBEs of Old Faithful geyser. Daisy and Old Faithful geysers' IBEs were not modulated in the 3 hours following any of the seven precipitation events of ≥ 7 mm/h. We conclude that wind and rain do not affect the timing of Old Faithful's eruptions but that strong wind storms may lengthen the interval between Daisy's eruptions.
Geyser Response to Earthquakes
We calculated the seismic energy density (equation (1)) in Yellowstone for the full NEIC catalog (Figure 7 ) and identified the 21 earthquakes most likely to produce high dynamic strain (Table S1 ). Of these, the earthquakes that produced the largest seismic energy density during our study period are the March 2011 M-9.1 Tohoku, Japan, earthquake; the June 2005 M-7.2 Northern California earthquake; the April 2010 M-7.2 Sierra El Mayor, Mexico, earthquake; the February 2001 M-6.8 Nisqually, Washington, earthquake; and the November 2002 M-7.8 Denali, Alaska, earthquake ( Figure 7) . We tested each earthquake in Table S1 for both a long-term permeability-driven response and a short-term bubble nucleation-driven response, as described in section 3, at both Old Faithful and Daisy geysers.
We first assess the short-term response of both geysers to the 21 earthquakes in Table S1 . At Daisy, only two earthquakes were followed immediately by unusual IBEs. A shortened interval occurred following the 2002 Denali earthquake (Figure 8b ), but this should be considered the beginning of the longer-term response described below, rather than an immediate response to bubble nucleation. A very long interval (517 min) occurred following the 2011 Tohoku earthquake. However, this is likely due to a gap in IBE data, particularly because the eruption interval was already anomalously long before the earthquake occurred. As such, we find no indication that Daisy IBEs are affected by earthquakes in this way. Because of Old Faithful's bimodal distribution (4% of the catalog were mode II intervals), a significant shortterm response to an earthquake would be indicated by (1) extremely short intervals (shorter than other mode II intervals, e.g., <50 min.), (2) if all earthquakes that induced dynamic stress above a certain threshold were followed by a mode II interval, or if the (3) empirical relation between eruption duration and the following IBEs [Kieffer, 1984] was perturbed. None of the 21 earthquakes listed in Table S1 were followed by an IBE that was shorter than 50 min, and none of the earthquakes were followed by two or more consecutive mode II intervals. (Unfortunately, there are no IBE data for Old Faithful geyser during the February 2001 Nisqually earthquake.) However, three of the earthquakes were followed by a mode II interval within the 2 h following the earthquake. These are the June 2001 M-8.4 Southern Peru earthquake (Figure 8a ), the August 2009 M-6.9 Gulf of California earthquake (Figure 8d ), and the March 2011 M-9.1 Tohoku, Japan (Figure 8f ), earthquakes. Based on the transcribed notebook logs (http://www.geyserstudy.org/ofvclogs.aspx), the short intervals following the Southern Peru and Gulf of California earthquakes were preceded by short-duration eruptions, suggesting that the short IBE was not in response to the earthquake. The Tohoku earthquake occurred during the night in Yellowstone, so that the eruption was not observed.
The only long-term response to an earthquake at either geyser, defined as one in which the range of IBEs for a period after an earthquake is nonoverlapping with the range of IBEs before the earthquake, is Daisy's response to the November 2002 Denali earthquake (Figure 8b ). Following the earthquake, the IBE population attained a new state with no overlap with the IBE population before the earthquake. To further assess the uniqueness of the Daisy geyser's IBE change in response to the Denali earthquake, we performed a Monte Carlo simulation of 1000 synthetic earthquake catalogs, each with 21 random times during the Daisy IBE record. We then tested these synthetic catalogs for a long-term IBE change to each synthetic earthquake in the same way. In these tests, only 2% of synthetic catalogs contained at least one event time with no overlap between the 360 IBEs before the event and 10, 20, 50, or 100 IBEs after that event. These findings confirm that It should be noted that during the IBE record, an earthquake swarm occurred beneath the Madison Plateau, near the northwest boundary of the Yellowstone caldera, 16-17 km from Old Faithful. It began on 17 January 2010, continued for 3 weeks, and included 17 earthquakes with magnitudes greater than 3.0 [Shelly et al., 2013] . The largest earthquake in the swarm had a magnitude 4.2 (seismic energy density of log ε = À1.84; Figure 9 ). Daisy IBEs are highly variable during this period and generally decrease throughout the swarm (Figure 9a ). However, this behavior seems to be part of a longer decrease that began before the swarm, so we cannot conclude that they are related. Two of the largest earthquakes in the swarm occurred within 15 min on 21 January and were between two eruptions whose intervals were longer than either the preceding or following 10 intervals (Figure 9b) . Because of the large variability in IBEs before these two earthquakes, we cannot conclusively define the IBE behavior afterward as anomalous. 
Discussion
We used a variety of statistical tests to examine and quantify the response of Old Faithful and Daisy geysers to earthquakes, earth tides, and weather for the period between 2001 and 2011. The analysis demonstrates the different responses of the two geysers, allows us to place quantitative bounds on their sensitivity to extrinsic perturbations, and provides the basis for discussing the possible implications for the triggering and modulation of volcanic eruptions by environmental forcing.
Geyser and Volcano Response to Earth Tidal Stresses
Earth tides result in compression of the solid earth at low tide and expansion at high tide [Agnew, 2007] that are commonly manifested by semidiurnal and diurnal water level oscillations in well-aquifer systems [Bredehoeft, 1967; Hsieh et al., 1988; Roeloffs, 1996] . The stress changes induced by the semidiurnal (M 2 < 0.004 MPa) and the fortnightly (M f >0.001 MPa) earth tides are much smaller than the strengths of rock in tensile failure, which are in the range of 1-10 MPa [e.g., Lockner and Beeler, 1999; Beeler and Lockner, 2003] . Thus, earth tides are not expected to modulate geyser IBEs by fracturing and subsequent permeability changes but could potentially modulate IBEs by poroelastic contraction or expansion of deep thermal reservoirs, or the shallow geyser reservoir and conduit [Hutchinson et al., 1997; Vandemeulebrouck et al., 2013] . These stresses in turn could advance or delay bubble nucleation and growth and decrease or increase the time required to attain critical conditions for the eruption. Further, a recent study demonstrated that poroelastic stresses were sufficient to cause measurable deformation of Old Faithful geyser in Calistoga, California . The absence of a statistically significant IBE modulation of Old Faithful and Daisy by earth tides is consistent with previous studies [White and Marler, 1972; Rojstaczer et al., 2003] and suggests that poroelastic pressure perturbations >0.004 MPa are required to modulate IBEs.
The lack of correlation between solid earth tides and geyser IBE might suggest that a correlation between solid earth tides and volcanic eruptions proposed by many studies should not be expected [Neuberg, 2000; Mason et al., 2004] . First, in contrast to the thousands of geyser IBEs, only a small number of eruptions from a single volcano are typically available for statistical tests, and in most cases the start times of these eruptions are not precise enough to allow for a comparison with the semidiurnal tide [Emter, 1997] . Therefore, most studies invoked correlations between eruptions and lunar fortnightly tides, which are a modulation of the larger amplitude semidiurnal and diurnal tides. Second, pressure decrease and volatile loss in ascending magmas promote crystallization and formation of multiphase suspensions. These suspensions can 
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significantly increase magma viscosity and impart a yield strength at a critical threshold, typically in the range of 10-50%, crystals [Saar et al., 2001; Llewellin and Manga, 2005; Walsh and Saar, 2008] . Even if we assume that subliquidus erupting magmas have no yield strength, the timescale of the response to instantaneous (tidal) perturbations is likely to be delayed because of the magma's high viscosity. This possible lag would mask a statistical correlation in the time domain between tidal phase and eruption.
Geyser Response to Weather Variability
The IBEs of Old Faithful geyser are not modulated by air temperature and pressure variations, wind storms, or precipitation, indicating that in cone geysers, the subsurface water column is thermally decoupled from the atmosphere and that the relatively small volume of water in the conduit that senses the atmosphere does not exert a major control on the initiation of eruptions. In contrast, the IBEs of Daisy (pool geyser) are modulated daily ( Figure 6 ) and seasonally [Hurwitz et al., 2008 [Hurwitz et al., , 2012a . The eruptions of Daisy are longer in the winter and at night when air temperature is colder and air pressure is lower. The coincidence of shorter IBEs with high barometric pressure implies that decompression boiling in response to barometric pressure variations does not control the initiation of eruptions. Rather, the coincidence of shorter eruptions with cold air temperature (large water-air temperature difference) and the lengthening of IBEs during large wind storms indicate that evaporation and heat loss exert a major control, because heat loss from the water column delays the time required to attain boiling temperatures. Wind is the major parameter affecting heat loss from surface water bodies, followed by the temperature difference between water and air [Adams et al., 1990; Fournier et al., 2009; Hurwitz et al., 2012b] .
In order to quantify the relative importance of changing air temperature and wind speed on the IBE for Daisy geyser, we introduce an idealized thermal model for this pool geyser. Following eruption, the geyser pool is refilled by water that is cooler than the eruption temperature. An amount of energy U needs to be added to this volume in order to raise the temperature to the boiling point to permit an eruption. We further assume that this energy is provided at a rate H from some deeper source, for example, as sensible and latent heat from water and steam. Energy is also lost to the atmosphere from the exposed surface of the pool by free and forced convection at a rate AE, where A is the pool area and E is the heat loss per unit area. Conservation of energy requires that
where the integral is taken over the time from when the eruption ends, time 0, to the beginning of the next eruption, time τ. The right-hand side of equation (2) is the net input of energy needed to initiate the eruption. The energy loss from a heated pool can be calculated from the semiempirical model of Adams et al. [1990] and modified by Fournier et al. [2009] :
where Δθ v is the virtual temperature difference between the surface water in the pool, at temperature T p , and the ambient air, at temperature T a (K). W s is the wind speed (m s À1 ), and e s À e a is the difference between the near-surface and ambient vapor pressures (in mbar). We use equations (A6) and (A5) of Fournier et al. [2009] to calculate the saturation vapor pressure as a function of temperature and the virtual temperature, using an atmospheric pressure of 0.76 bar. We assume that the pool is always close to the boiling temperature so that e s À e a ≈ e s .
Over short timescales of days, the subsurface temperature, water supply, and conduit and pool geometries should remain close to constant. To assess how wind speed and ambient temperature affect an IBE over these timescales, we assume e s , A, H, and E remain constant, a reasonable approximation if the pool refills on timescales quite a bit shorter than τ, the weather phenomena affecting T a and W s vary on timescales quite a bit longer than τ, and the initial temperature in the pool is not much below the temperature at which it erupts. Equation (2) thus becomes
In order to predict how air temperature T a and wind speed W s influence the IBE, we need to know U and H. We estimate U and H from the sensitivity of the IBE to wind speed shown in Figure 6b ; as we have two unknowns,
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we use the IBEs at two representative wind speeds, 135 and 180 min at 2 m/s and 8 m/s, respectively. Because the eruption duration, a few minutes, is much less than the IBE, we equate IBE and τ. We assume T p = 90°C because downhole measurements at Old Faithful indicate that the recharging fluids are close to the boiling temperature [Hutchinson et al., 1997] . Uncertainties on A and e s do not affect the results provided they remain close to constant throughout and between eruptions.
The effects of T a and W s on the IBE are shown in Figure 10 . For the expected range of these quantities, we see a much stronger dependence on wind speed. This is apparent from the form of the evaporation equation: energy losses are linear in the wind speed (which varies by factors of several) but scales with the cube root of the temperature difference, and the virtual temperature difference varies by less than a few tens of percent. These observations of Daisy's IBE lengthening are consistent with a controlled experiment at Velikan geyser, Kamchatka, where increased surface area of the water exposed to the atmosphere, resulted in IBE lengthening, implying that cooling to the atmosphere lengthens the time required to initiate an eruption [Merzhanov et al., 1990] .
Geyser Response to Earthquakes
We searched the IBE time series of Old Faithful and Daisy geysers for two types of IBE response to earthquakes. The first should be reflected by one or two short intervals that result from enhanced boiling while surface waves are still reverberating in the basin, and the second should be reflected by a persistent increase or decrease of the geyser's IBE for periods that are longer than the duration of teleseismic waves reverberating in the basin. Although three earthquakes were followed by Old Faithful geyser mode II intervals in the first 2 h after the earthquake (Figures 8a and 8f ), we cannot demonstrate that these were in response to the earthquake with statistical significance. Additionally, the postearthquake mode II intervals are not shorter than other mode II intervals, and the amplitude of the peak ground velocity following these particular three earthquakes was an order of magnitude less than the velocity following the 2002 Denali, Alaska, earthquake. These observations are further inconsistent with these short intervals being a response to the earthquakes. Denali earthquake. Eruption intervals of several other geysers in the Upper Geyser Basin also varied following the earthquake [Husen et al., 2004a] . In addition to Daisy's IBE shortening following the Denali earthquake, the IBE variance was significantly smaller than before the earthquake (Figure 8b ). The IBE variance gradually increased in the weeks following the earthquake in conjunction with interval lengthening. Comparison of Daisy geyser's response to the Denali and Hebgen Lake earthquakes with Old Faithful geyser's response to the 1959 M-7.3 Hebgen Lake, 1975 M-6.1 Yellowstone NP, and the 1983 M-6.9 Borah Peak Idaho earthquake reveals that the two geysers respond to earthquakes very differently. Lengthening of Old Faithful IBEs was gradual rather than instantaneous, and the IBEs remained at a new longer IBE state (permanent change) (Figure 2 ). During the 10 months prior to the Borah Peak earthquake, the monthly average interval was 69-70 min, and following the earthquake, eruptions lengthened continuously until 4 months after the earthquake when the monthly average intervals were 77-78 min (Figure 2b ). These variations are much larger than typical seasonal variations. In contrast, Daisy's IBEs returned to pre-earthquake durations following the Hebgen Lake [White and Marler, 1972] and Denali earthquakes. White and Marler [1972, p. 5829] described the effects of the 1959 Hebgen Lake earthquake on geysers "The major effect of seismic shaking evidently was to increase the dimensions of most channels of discharge and to create some new channels from this overpressured system, but Old Faithful's plumbing system was one of the very few that was not directly changed". The contrasting responses of Old Faithful and Daisy geysers to earthquakes support the notion that "Geysers are exceedingly complex hot springs, no two of which are alike" [White and Marler, 1972, p. 5825] and that there is no "characteristic" geyser response.
These different types of geyser response are similar to the variability observed for documented hydrologic responses to earthquakes that include changes in water level in wells and discharge variations in springs, streams, and mud volcanoes [e.g., Mogi et al., 1989; Rojstaczer et al., 1995; Roeloffs, 1998; Brodsky et al., 2003; Montgomery and Manga, 2003; Matsumoto and Roeloffs, 2003; Elkhoury et al., 2006 Elkhoury et al., , 2011 Doan and Cornet, 2007; Geballe et al., 2011; Manga, 2010, 2012; Niwa et al., 2012] . The mechanism(s) accounting for the recovery is (are) not well understood but is (are) typically attributed to permeability changes that result from mechanical and/or chemical processes that alter fluid pathways perturbed by the seismic shaking [1985] , and the empty black circle was derived by linear extrapolation in the lack of available data. Blue and red (hidden beneath the blue) curves indicate linear and exponential fits to the data, respectively.
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during the earthquake [Manga and Wang, 2007; Manga et al., 2012] . Documented recovery times range from 3 min to 6 years , and they can be approximately exponential [e.g., Brodsky et al., 2003; Doan and Cornet, 2007; Geballe et al., 2011] or linear [e.g., Elkhoury et al., 2006] .
The post-Denali IBE recovery of Daisy can be matched with either a linear or an exponential curve ( Figure 11a ). There are no constraints on the controlling parameters needed to determine the possible processes controlling post-earthquake IBE recovery. Further, Daisy geyser's response to earthquakes and its recovery are complex because its intervals can be altered by interaction with neighboring geysers (Splendid, Bonita, Comet, and Daisy's Thief in the past) [Bryan, 1995] . In fact, except for two eruptions in 1968, Daisy was dormant between 1960 and 1971, when the neighboring geysers were active and Bonita pool was overflowing [Bryan, 1995] . When Daisy resumed eruptions in 1971, activity in the neighboring geysers and overflow from Bonita Pool decreased. Thus, the gradual decrease of Daisy's IBEs in the day following the passage of seismic waves from Denali could be associated with water level variations in Bonita Pool, but such observations were not made. We obtained the post-October 1983 Borah Peak, Idaho, monthly average IBE by digitizing a graph in Hutchinson [1985] . The average IBE for November is not available, so the value was obtained by linear interpolation (Figure 11b ). The gradual IBE increase during the first 8 months is equally fit with linear or exponential curves. Thus, the processes that control the gradual recovery of both geysers are not well constrained.
Models proposed to explain hydrologic response to large regional or remote earthquakes highlight the differences in the response to earthquakes that induce large static stress changes (at distances within approximately one fault length) compared with the response to surface waves that induce much larger dynamic stresses (at distances up to several thousand kilometers). To estimate the magnitude of the stresses that have led to a measurable geyser IBE response, we compare the calculated static stress changes in the Upper Geyser Basin following the Hebgen Lake earthquake centered 44 km to the northwest (0.2-0.3 MPa), and the calculated stress changes induced by the Borah Peak earthquake centered 240 km west-southwest of Old Faithful (≪ 0.1 MPa) [Chang and Smith, 2002; Payne et al., 2004] with dynamic shear stresses associated with crustal surface waves with 15-30 s periods [Hill, 2012] induced by remote earthquakes ( 
where v is the peak vector velocity, μ is the shear modulus, and β is the shear wave velocity. We measured peak velocity recorded on broadband station LKWY near Yellowstone Lake (Figure 1 ) and follow Velasco et al. [2004] in using a shear modulus of μ = 33 GPa and a shear wave velocity of β = 3500 m/s. The PDS induced by the Denali earthquake is 0.14 MPa at LKWY (Figure 12a ), which is slightly lower than determined by other studies, 0.16-0.22 MPa [Husen et al., 2004a [Husen et al., , 2004b Velasco et al., 2004] . However, using data from station LKWY (Figure 1 ), we find that the PDS induced by the Denali earthquake is an order of magnitude greater than the PDS induced by the Tohoku-Oki earthquake (0.01 MPa) ( Table 1) . The large amplitude of the Denali earthquake surface waves was attributed to the directivity of the waves, which were optimally oriented toward the Rocky Mountains [Velasco et al., 2004] . Other large remote earthquakes induced PDSs that are at least one order of magnitude smaller than the PDS induced by the Denali earthquake (Figures 12b-12d) . Unfortunately, during the Borah Peak earthquake, the Yellowstone seismic network was not operational. However, based on ground velocities from the M 7.3 1992 Landers, California, and the distance between earthquake source to the Upper Geyser Basin, Rojstaczer et al. [2003] calculated dynamic shear stress changes on the order of 0.5 MPa, significantly greater than the static stress changes ( Table 1 ), suggesting that the gradual IBE increase was in response to dynamic stress changes from the long-period seismic waves.
Overall, Old Faithful IBEs did not vary, but the IBEs of Daisy and several other geysers in Yellowstone did vary in response to dynamic stress changes of 0.1-0.2 MPa. The IBEs of Old Faithful did vary in response to dynamic stress changes on the order of 0.5 MPa induced by the Borah Peak earthquake (Table 1) . A possible explanation for the efficiency of dynamic stresses to modulate hydrothermal activity is the sensitivity of systems with high fluid pressure to long-period seismic waves [Hill, 2012] . In Yellowstone's geyser basins, the fluid pressure gradient in the upper 200 m is~130% of the hydrostatic gradient, and temperatures through this high-gradient zone are close to boiling at the corresponding pressures [White and Marler, 1972; White et al., 1975] . This inference is consistent with a study that demonstrated that mud volcanoes in Southern California are more sensitive to long-period seismic waves than to shorter-period waves of the same amplitude ; a study that showed that following the 2002 Denali earthquake, the long-period seismic waves triggered seismicity at Long Valley Caldera in Eastern California, while highfrequency seismic waves with comparable cumulative seismic energy density did not [Brodsky and Prejean, 2005] ; and a study that showed enhanced triggering of earthquakes at fluid-injection sites in the midwestern United States by long-period seismic waves induced by large remote earthquakes [van der Elst et al., 2013] . The sensitivity of hydrothermal systems to long-period seismic waves might also be evident in the lack of observable geyser response to the earthquakes in the 2010 Madison Plateau earthquake swarm that produced large seismic energy density (ε) in the Upper Geyser Basin (Figure 9 ) but did not generate longperiod seismic waves. The high-frequency waves generated peak PDS of only 0.1 kPa (Figure 12e ). No geyser responded to dynamic stresses <0.02 MPa induced by global earthquakes with magnitudes of up to 9.1 (Tohoko-Oki earthquake in Japan). 5. Three remote earthquakes were followed by mode II eruption intervals (< 75 min) of Old Faithful geyser within 2 h of the earthquake when the surface waves were still reverberating in the basin. However, these short intervals are probably not in response to the earthquakes. 6. The eruption intervals of Old Faithful geyser increased in response to three regional earthquakes.
Permanent interval lengthening following the Borah Peak earthquake was in response to dynamic stresses on the order of 0.5 MPa. 7. Our analyses suggest that the response to external forces is relatively small, implying that most of the geyser IBE variability is dominated by some combination of internal processes and interaction with other geysers [Bloss and Barth, 1949; Marler, 1951; Rojstaczer et al., 2003 ].
